R
Gas constant (KJ*mole -1 * K -1 ) 70
T

Absolute temperature (K) 71 72
The degree of reaction is calculated by integrating Eq. 1 over time. The rate of reaction k is constant 73 when the temperature of the hydration process is constant (T=Tr= constant imply k=kr=constant). Eq. 2 74 uses kr to predict the compressive strength. This empirical equation is widely used [9] . 75 Rate of reaction at the reference temperature Tr, 79
S
Compressive strength at age t, 80
Su
Ultimate compressive strength, 81
t0
Age at start of strength development (hours) 82 t
Time (hours) 83 84
With the exception of controlled laboratory conditions, the temperature of the hydration process 85 changes during the reaction and the Eq. 2 becomes inapplicable. To overcome this difficulty, it is 86 sufficient to change the time-history into a degree of reaction history. This can be done using the 87 equation of Freisleben-Hansen and Pedersen [10] . Observing that hydration of cement is a chemical 88 reaction; the Arrhenius law is integrated to describe cement hydration through a new index, called 89 Equivalent Age (Et) (see Eq. 3) 90 91 Viviani, M., Glisic, B. and Smith, I. F.C. "Three-day prediction of concrete compressive strength evolution" ACI materials J. Vol 102, No 4, 2005, pp 231-236. 
Q
Activation energy divided by gas constant (Ea / R) 95 t
Time (hours) 96 t0
Time at hydration start (hours) 97
T
Temperature of concrete (K) 98
Tr
Reference temperature (K) 99
100
Et is the integral in time of the ratio between the rates of reaction k1 and kr of two specimens of the 101 same concrete types. One is a fictitious specimen and is assumed to be kept at a constant temperature Tr 102 (generally 20 °C in Europe, 23 °C in USA). 103
The other specimen is real and has a temperature profile T1=T1(t). At every time t* the real specimen 104 has an equivalent age Et,1(t*). This means that at the time t*, it has the same degree of reaction that the 105 reference process will have after a total time Et,r(t*), being cured at T=Tr. Where time is converted in 106 equivalent age, the temperature of the process assumes the value T=Tr. Thus, if T=Tr=constant, Eq. 2 107 is applicable (see Eq. 4) for cases when temperature varies during hydration. 108 
S
Compressive strength at age t, 112
Su
Ultimate compressive strength,kr Rate of reaction at the reference temperature Tr, 114
Et
Equivalent age at the time t 115
Et0 Equivalent age at start of strength development 116
117
The equivalent age is of great interest for predictions and for separation of effects, since it allows direct 118 comparisons of concrete pours (or specimens) that are hydrating at different speeds (see Fig. 1 ). 119
Moreover, when used in predictions, it takes into account the so-called cross over effect of concrete [9] , 120 which affect predictions made with other degree of reaction indices [9, 11, 12, 13] . 121
The procedure explained below allows the calculation of the activation energy can be used to determine 122 the datum temperature without modification. 123
The hardening time 124
A long gauge fiber optic deformation sensor called SOFO has recently been developed [14] . SOFO is 125 particularly suitable for concrete, because of its robustness, temperature compensation, insensibility to 126 magnetic fields, and a precision of 2 µm. Moreover, SOFO sensors follow the deformation of fresh 127 concrete without disturbing the strain field of the host material [15] . The stiffness and the thermal 128 expansion coefficient (TEC) of the SOFO sensor are influenced mainly by the characteristics of the 129 protective tube. For instance, the axial stiffness of standard SOFO is very low because it is housed in a 130 plastic protective tube. Glisic proposed a new sensor called SOFO "setting" sensor with a higher axial 131 stiffness using a protective tube made of stainless steel [15, 16] (see Fig. 2 ). The setting sensor, once 132 embedded in concrete together with a standard sensor of the same gauge length, leads to determination 133 of the hardening time, see below. When concrete is placed, the standard sensor measures the swelling 134 of concrete while the stiff sensor is not initially influenced by the deformations of the concrete matrix 135 and therefore the difference between deformations measured by the two sensors increases.
After concrete hardens, both sensors measure only the deformation of the concrete matrix and the 137 difference between the deformations measured by the two sensors remains constant (see Fig. 3 The strategy adopted for determining the activation energy uses two specimens of the same type of 152 concrete. Both specimens have the same dimensions. They are monitored with a stiff and a soft sensor. 153
Aside from their stiffness, each pair of sensors has the same features. One specimen is wrapped with 154 glass wool. The glass wool acts as insulation and keeps the temperature of this specimen at a higher 155 level than the temperature of the other specimen. This induces a higher rate of reaction in the insulated 156 cylinder. The temperature is measured in both specimens (see Fig. 4 ). The degree of reaction, in terms 157 of equivalent time (Et), is expressed through Eq. 3. For both specimens, at the hardening time, the 158 degree of reaction index Et has the same value. Temperature profiles are inserted in Eq. 3 for eachspecimen and the integral is calculated to the hardening time. The activation energy is necessary but not sufficient for determining the rate constant kr (see Eq. 1). 165
The value of kr is needed to predict mechanical properties (see Eq. 4). The value of kr can be 166 determined if two compressive tests using standard specimens of the same composition, humidity, 167 boundary conditions and temperature histories, are performed at different equivalent ages Et. This 168 allows determination of kr through the application of Eq. 4 (see The 24-hour test has not been found to be representative for slowly hydrating concrete. 171 172
COMPARISON OF PREDICTIONS AND EXPERIMENTAL RESULTS 173
Hardening time, activation energy and rate of reaction were evaluated and applied to six different types 174 of concrete (see Tables 1-6) using the procedure presented above. Five were commonly used concrete 175 types in civil engineering. They were made with different types of aggregate. Air entrainers, 176 superplasticizers and different types of cements were used (see tables 1-6). The results shown in 177
Figures 6-11 have been obtained within the first 72 hours. All predictions obtained were realistic and 178 acceptable without any correction according to the criteria given in the code TEX-426-A (see Tables 7  179   and 8 ). The quality of the prediction was verified after 7, 21 and 28 days. The maximum deviation 180 between predicted and tested values of each test is presented in Table 8 . Zero equivalent age in Figures  181 6-11 does not always refer to the pouring time. Since poured concrete temperature is influenced byambient temperature in the initial phases, the zero equivalent age is taken to be the point where cooling 183 (if it occurs) slows to a variable rate. If no cooling occurs, the zero time is taken to be the batching 184 time. 185 186
DISCUSSION OF THE RESULTS 187
The methodology presented assumes that the hardening time is an indicator of the degree of reaction. 188
Tests support this assumption for the concrete that was studied. More mixes will be tested in order to 189 [17] Pinto, R. C. A. and Hover, K. C., (1999) . "Application of maturity approach to setting times. " 263 ACI Materials Journal, Vol. 96, No. 6, 1999, pp. 686-691 264 
265
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